This work systematically explored the effects of process parameters on the technological responses, including the tensile force TF and the average micro hardness AMH in the gas tungsten arc welding (GTAW) of titanium. Processing parameters are the welding current I, the gas flow rate F , and the arc gap G. The objective of this work is to improve the tensile strength with respect to micro hardness constraints. The GTAW welding machine was adopted in conjunction with the Box-Behnken matrix to conduct experimental trails. The nonlinear relationships between welding parameters and responses were developed using response surface method (RSM). Subsequently, an optimization technique entitled desirability approach (DA) was used to solve the trade-off analysis between responses considered and find the optimal parameters. The conformity test was performed in order to evaluate the accuracy of optimal values. The results showed that the welding current had the greatest influence on the outputs compared to other factors. The measured improvements using optimal parameters of tensile force and average micro hardness are approximately 4.10% and 6.12% in comparison with initial settings. A hybrid approach comprising RSM and DA can be considered as an effective method to obtained significantly optimal values for GTAW processes.
INTRODUCTION
Gas tungsten arc welding (GTAW) is an effective joining technique in which the welded joint is produced using the tungsten electrode, the heated workpiece, and the filler under the protection of the shielding gas. The major priorities of the GTAW process are high quality joint, a wide range of materials used, and a good application for thin sections. This process is widely applied in the aerospace and automotive industries as well as the repairing fields for joining the thin section of different materials. However, the primary shortcoming of the GTAW process is the lowest deposition rate in all arc welding processes which significantly influences on the characteristics of the welded bead. Therefore, improving the technical outputs of GTAW processes is still an effective contribution and important research area.
Enhancing technological responses of the GTAW welding processes using optimum factors has been widely investigated in previous works. Former researchers attempted to increase the characteristics of the welded beads, including the depth of penetration, the width, the heat affected zone (HAZ) [1] [2] [3] [4] [5] [6] [7] . In addition, the mechanical characteristics of welded joints were improved by means of the optimal factors [7] [8] [9] [10] [11] [12] [13] [14] [15] . The parameters optimized are the processing conditions (voltage, current, speed, gas flow rate, and arc gap), electrode's parameters (diameter and material), and workpiece properties (thickness and material). It can be stated that multiresponse optimization of welding processes is more complex and practical compared to single optimizing. However, the aforementioned works in the GTAW welding processes have still the following deficiencies:
The previous works focused on GTAW welding optimizations of the stainless steels, magnesium alloys, and aluminums for the dissimilar or similar joints. Welding parameter optimization for improving the mechanical properties, including the tensile force and average micro hardness of the titanium material, has not performed, resulting in a deficiency of the welding optimization.
Most of the previous researchers attempted to maximize the micro hardness of the welded joint. Practically, an excessive hardness could lead to a reduction of brittle strength, resulting in an unsatisfied quality.
The selection of optimal parameters may have inefficient results due to strong conflicts between the tensile strength and hardness. It is necessary to resolve the nature contradictory among welding performances for observing reliable optimum solutions.
To fulfill the mentioned research gaps, a multi-objective optimization in the GTAW of titanium grade 2 has considered in this paper for improving the tensile strength with the predefined micro hardness. A hybrid approach combining RSM model and desirability approach is used to develop the predictive models as well as identify the globally optimal solution. This paper is expected as a significant contribution to exhibit the impacts of welding parameters on the tensile force and micro hardness as well as help the welding operators to select the appropriate conditions.
MATERIALS AND METHODS
The systematic procedure for the titanium GTAW and welding parameter optimization is depicted in Fig. 1 . The Box-Behnken method is adopted in order to save the experimental costs and ensure the modeling accuracy. Three key welding parameters are the current I, gas flow rate F , and arc gap length G and their levels were listed in Table 1 . The factors considered were selected based on the proper literature review in terms of welding optimization issues, machine characteristics, and material properties. The parameter ranges were taken based on welding settings normally followed in industries for the titanium material. The lowest level of each processing factor was selected to ensure sufficient melting, welded formation, and penetration.
Additionally, the upper bound was determined to avoid the excessive melting and crack formation. Furthermore, these values were verified by means of welding handbook and expert knowledge of our industry partner.
The output models considered of tensile force TF and average micro hardness AMH are developed with the aid of RSM [16, 17, 18] and experimental data. The tensile force is a measurement of the load required to stretch the welded specimen to the breaking point. The values of the tensile force are directly extracted from the experimental result. An ANOVA analysis was performed to investigate the adequacy of the models proposed and parameter significances.
In this paper, an optimizing technique entitled desirability approach (DA) is used in order to find the optimal values due to its simplicity and flexibility compared to other methods [19] .
The main principle of the desirability approach is to first convert each objective y i (x) into an individual desirability function d i (0≤d i ≤1). This method is performed based on the idea that a process or product that has multiple characteristics, with one of them outside of some desired values, is completely unacceptable. The approach finds processing conditions in order to obtain the most desirable values of the responses. The simultaneous objective is a geometric mean of all converted responses. A higher desirability function denotes that the response is more desirable.
The completely undesired objective was observed in case of d i = 0. The completed desirability or ideal response is achieved in the cased of d i = 1. The characteristics of the response can be altered by adjusting the weight or importance. All targets get combined into one desirability function for multi-objectives and processing factors. The setting of optimal parameters was observed with maximum overall desirability value.
The desirability is calculated using equation 1 for the goal of maximizing:
The desirability is calculated using equation 2 for the goal of minimizing:
The desirability is calculated using equation 3 for the goal as a target:
The desirability is calculated using equation 4 for goal within the range: 1, 0, otherwise
where 
where N is the number of the responses measured.
The titanium grade 2 was performed with the heat treatment in the normalization (700 0 C in 120 min) and tempering (550 0 C in 60 min). The chemical composition of the base material tested by Energy Dispersive X-ray Spectrometry (EDS) is shown in Table 2 . fixture is adopted to circulate the protecting air and avoid the deformation of the welded plates, as shown in Fig. 2a . The argon controlled by a flow meter is adopted as the shielding gas in order to protect the welding areas. The shrinkage deformation and residual stress can be ignored due to the small heat-affected zone and focusing heat input. Two welded layers are generated during processing time in order to enhance the joint quality.
After welding, the welded specimens are then polished by means of the emery paper from 80 grits to 1 mm and cleaned using an alcohol containing 4% nitric acid. The welded specimens are cut with the aid of the wire electrical discharge machining (Fig. 2b) . 
RESULTS AND DISCUSSIONS
The DOE matrix and experimental results of the welding trials are exhibited in Table 3 .
The R 2 -values were used to evaluate the accuracy of the predictive models. The As shown in Table 4 , the I, F, G, I 2 and F 2 are significant terms for the tensile force model.
The arc gap is the most affected factor due to the highest contribution (23.43%) with regard to the single term, followed by F (11.88%) and I (6.25%). All the interaction terms are considered as insignificant factors due to p values higher than 0.05. The I 2 account for the highest percentage contribution with respect to quadratic terms (41.28%); this followed by F 2 (17.11%).
The ANOVA results of the AMH model are presented in Table 5 . For this model, the single terms (I, F, G) and quadratic terms (I 2 , F 2 ) are considered as the significant terms.
Especially, G is the most effective parameter due to the highest contribution (21.87%). The percentages of I and F are 20.76% and 14.54%, respectively. Similarly, the I 2 account for the highest percentage contribution with respect to quadratic terms; this followed by F 2 .
The predictive models of welding responses were developed with regard to process parameters using RSM and experimental data. 
The main effects of each processing parameter and their interactions on the welding responses are shown in Fig. 6 .
As shown in Fig. 6a , it was pointed out that the tensile force is improved with an increased welding current. The low energy input was generated at a low welding current, resulting in a poor mixing material and weak weld. A higher current increase the energy transferred to the base metal, leading in a better fusion and an improved mechanical strength. However, an increase in welding current or energy input results in a slower cooling rate and a coarser grain, leading to a decreased tensile force.
The gas flow rate increases until an optimal value results in an improved tensile force and the technical response then started to decrease with an excessive flow rate (Fig. 6b) . The higher energy input was transferred into the base material at a low amount of gas flow rate, resulting in grain coarsening and decrease in tensile force. An increased gas flow rate leads to an improved tensile force. However, an excessive gas flow rate is associated with low energy input, which results in faster cooling rates of the weld, leading to a reduced tensile force.
As shown in Fig. 6b , it is observed that as the arc gap increases the tensile force decrease due to lower input energy transferred to the base material. The heat input is an inverse proportion to the welding gap length. Therefore, the tensile force could be minimized by increasing the arc gap.
Similarly, the impacts of processing factors on the average micro hardness were shown in
Figs. 6c and d.
The objective of this paper is to improve the welding responses, including the tensile force TF and average micro hardness AMH using process parameter optimization. The optimizing problem can be defined as follows:
Maximize tensile force TF.
Maximize average micro hardness AMH.
Constraints: 70 ≤ I ≤ 200 (A), 12 ≤ F ≤ 20 (L/min), 2 ≤ G ≤ 6 (mm).
The design expert V7.0 software integrating the desirability approach theory was used to determine the optimal parameters. The ranges and goals of independent variables and responses for simultaneous optimization of the tensile force and average micro hardness have been shown in Table 6 . The ramp graphs of process parameters and welding responses using desirability function are shown in Fig. 7a . Fig. 7b presents the desirability graph in terms of processing parameters and technological performances with a combination of 1. The optimal parameters and welding responses can be found in Table 7 .
Practically, it is unnecessary to simultaneous maximizing two objectives and can be as the technical constraint. A higher micro hardness could result in a reduction of brittle strength, leading to unacceptable welded quality. Furthermore, it can be stated that it is hard to determine the optimal welding parameters for different technological outputs based on practical experience or operating guide. As a result, the approach proposed can be used to determine the maximum tensile force and optimal welding parameters with the predefined micro hardness. The ranges and goals of independent variables and responses for the constrained optimization have been shown in Table 8 , in which the average micro hardness is predefined as a target. The constrained values are 230 HV, 204 HV, 250 HV, and 255 HV, respectively. The representative scenarios with the constrained micro hardness were shown in Table 9 .
An investigation was performed in order to confirm optimum results. The welded specimen manufactured using optimal values is used, as depicted in Fig. 8a . A comparison between initial and optimizing parameters is shown in Figs. 8b and c. The small error indicated that the proposed approach is more effective and reliable in modeling and optimizing welding process.
The microstructure of the different welding areas, including the base material (BM), heat affected zone (HAZ), and the welded zone (WZ) was investigated, as exhibited in Fig. 9 . Fig. 9a showed the evenly fine grain with the approximate size of 10 µm in the base material. The heat affected zone (HAZ) having coarser grain and uneven size was observed without defects, such as voids and pits, as displayed in Fig. 9b . The grain size in the HAZ was around 120 µm due to the welding heat. The microstructure of the welded zone with large particle and irregular dimensions compared to the previous areas is shown in Fig. 9c . The grain size in the welded zone was around 160 µm.
The element distribution in the welded joint explored using Energy Dispersive Xray Spectrometry (EDS) was listed in Table 10 . The result indicated that the chemical compositions between the base material and welded joint are the same due to using the titanium filler.
CONCLUSIONS
This work presented a multi-responses optimization of processing parameters in the GTAW process to improve the tensile force while the micro hardness is considered as a constraint. The RSM models were used in conjunction with the desirability approach to render the nonlinear relations between inputs and technological outputs as well as determine the optimal values. The main conclusions from the research results of this work can be drawn as follows within parameters considered:
1. The tensile force or average micro hardness values improved with an increment in welding current or gas flow rate until it reaches the optimal points and then with higher factors, the technological outputs decreases. Additionally, the maximum technological performances were observed at the lowest level of the arc gap.
2. The optimal process parameters were found to be a welding current of 127.83 A, a gas flow rate of 17.26 s, and the arc gap of 2.21 mm. Arc gap had the greatest influence on the mechanical strength of the welded joint, followed by gas flow rate and welding current. For micro hardness, arc gap had the most effective contribution, followed by current and gas flow rate.
3. Solving multi-objective optimization issue using desirability approach could be ensured the reliable optimizing values. The proposed approach for improving the tensile strength with predefined micro hardness is versatile and realistic in the welding processes compared to a single objective or simultaneous two response optimization.
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